Introduction
Resource availability plays a key role in mediating nonnative plant invasion (Davis et al. 2000; Huenneke et al. 1990; Vitousek and Walker 1989) , and elevated soil nitrogen (N) due to anthropogenic N deposition may increase community invasibility (Dukes and Mooney 1999; Fenn et al. 2003; Weiss 1999) . Feedbacks between plants and soil biota can also influence invasion success (Callaway et al. 2004; Klironomos 2002; Pringle et al. 2009 ; Van der Putten et al. 2007) , and N deposition might alter soil microbial communities in ways that could further promote invasion (Egerton-Warburton and Allen 2000; Egerton-Warburton et al. 2001; Sigüenza et al. 2006a, b) . However, the response of invasive plants to increased soil N and N-impacted soil communities is likely species-specific, and once established plants can exert strong effects on soil biota (Belnap et al. 2005; Hawkes et al. 2005; Kourtev et al. 2002 ) that might influence subsequent growth and performance of conspecifics. In this study, we asked how N deposition influences the response of three invasive plant species in southern California to native soil communities and how grow responses change once invasives have conditioned soils.
The invasion of ecosystems by nonnative species poses a serious ecological and economic threat worldwide (Pimentel et al. 2000; Vitousek et al. 1997b) , and multiple hypotheses have been invoked in an attempt to identify generalizable mechanisms. The theory of fluctuating resource availability (Davis et al. 2000) posits that a community becomes more invasible as unused resource availability increases. Under this hypothesis, the release or enrichment of a resource is expected to enhance the performance of arriving invaders (Davis et al. 2000) . Most terrestrial ecosystems are N limited, and multiple studies across biomes have found increased invasion with N addition (Brooks 2003; Burke and Grime 1996; Rao and Allen 2010; Wedin and Tilman 1996) . As global rates of N deposition continue to rise (Galloway et al. 2004) , this could increase the success of future invasions (Bradley et al. 2010; Dukes and Mooney 1999) .
In addition to resource availability, invasion success can be strongly influenced by biotic factors, including soil fungi (Callaway et al. 2004; Klironomos 2002; Pringle et al. 2009; Reinhart and Callaway 2006) . Species differ in their associations with soil biota, such as mutualists and pathogens, and therefore their effects on soil microbial communities, as well as their responses to these changes, resulting in plant-soil feedbacks (Bever et al. 1997) . For example, a plant species may accumulate host-specific soil pathogens that inhibit the subsequent growth of conspecifics, resulting in a negative feedback (Mills and Bever 1998) . Conversely, plants may promote the accumulation of beneficial soil mutualists, such as arbuscular mycorrhizal (AM) fungi, resulting in positive feedback (Zhang et al. 2010) . Furthermore, the influence plants exert on soils will also impact the performance of other plant species in the community, and may be an important ecological driver of community-level processes, such as invasion (Bever et al. 1997; Klironomos 2002) .
Feedbacks between plants and soil biota have been hypothesized to be an important driver of plant invasion, with many invasive species exhibiting positive responses to soil communities (Klironomos 2002 ; Levine et al. 2006; Reinhart and Callaway 2006) . For example, de la Pena et al. (2010) found that despite initial biotic resistance of native soils to invasion by Carpobrotus edulis in Mediterranean sand dunes, once this species establishes, biotic resistance is diminished through the promotion of a soil community that enhances growth of this species, to the detriment of native plant species. Introduced plants may benefit from a lack of host-specific soil pathogens, promoting their invasiveness (Keane and Crawley 2002; Mitchell and Power 2003) . However, while release from natural enemies belowground may contribute to positive feedback in invasive plants (Agrawal et al. 2005; Klironomos 2002; Kulmatiski et al. 2008) , mutualists, such as AM fungi, can also be involved. These fungi form symbiotic relationships with plant roots, enhancing nutrient and water uptake in exchange for photosynthetic carbon (Smith and Read 2010) . Arbuscular mycorrhizae play an important role in shaping plant community structure and diversity (van der Heijden et al. 1998) , and may be critical determinants of invasion success (Callaway et al. 2004; Pringle et al. 2009 ).
Invasion can be influenced by AM fungi in a number of ways. Some nonnatives can reduce mycorrhizal density, and as invasive species are often less dependent on these associations, this results in increased performance relative to mycorrhizal natives (Callaway et al. 2008; Owen et al. 2013; Stinson et al. 2006; Vogelsang and Bever 2009 ). This interaction forms the basis of the ''degraded mutualism'' hypothesis (Vogelsang and Bever 2009 ). Alternatively, invading plant species may alter the mycorrhizal community by selecting for the most beneficial fungal species present, thereby reinforcing their competitive dominance, a phenomenon referred to as the ''enhanced mutualism'' hypothesis (Reinhart and Callaway 2006; Zhang et al. 2010) . Finally, AM fungi can hinder invasion when a species promotes fungi that benefits heterospecifics more than conspecifics, contributing to a negative plant-soil feedback (Bever 2002) . These responses will depend on a number of factors, including the mycorrhizal status of the plant host, the identity of the host species and fungal symbiont(s) and the growth response of the plant (Pringle et al. 2009 ), as well as environmental conditions such as soil fertility (Hoeksema et al. 2010; Johnson et al. 1997) .
Resource availability strongly influences interactions between plants and AM fungi (Hoeksema et al. 2010; Johnson et al. 1997) , and this could impact the response of invading plants to native soil communities and the trajectory of plant invasions. Increased soil N due to anthropogenic N deposition may promote invasion via changes to the soil community. For example, high soil N may reduce root colonization and sporulation of some large-spored fungal species, thereby lowering mycorrhizal diversity and concomitantly increasing the proportion of small-spored fungal species, which has been shown to favor invasive annual grasses over native plant species (Egerton-Warburton and Allen 2000; Egerton-Warburton et al. 2001; Sigüenza et al. 2006b ). Nutrient limitation may be a driver of local adaptation in mycorrhizae (Johnson et al. 2010) , and increased soil N may also select for less beneficial fungi, resulting in a parasitic, rather than mutualistic, relationship (Johnson et al. 1997) .
In southern California, anthropogenic N deposition has been implicated in the widespread invasion of coastal sage scrub (CSS) by annual grasses and forbs native to the Mediterranean Basin (Cox et al. 2014; Fenn et al. 2003; Goldstein and Suding 2014; Kimball et al. 2014; Talluto and Suding 2008) . While elevated soil N appears to favor invasives in this system, there is also evidence that the soil microbial community plays an important role mediating these effects (Bozzolo and Lipson 2013; Egerton-Warburton and Allen 2000; Sigüenza et al. 2006a) . Research in this ecosystem has demonstrated differential responses of both native and nonnative plant species to microbial inoculation and N addition (Padgett and Allen 1999; Yoshida and Allen 2001; Sigüenza et al. 2006a, b; Bozzolo and Lipson 2013) , strongly suggesting a potential influence of N deposition on invasion though plantsoil feedbacks (Bever et al. 1997) . For example, Sigüenza et al. (2006a, b) found that growth of a native CSS species was inhibited by N-impacted soil communities, while an invasive annual grass, Bromus madritensis, responded positively.
The purpose of this study was to understand the effects of soil N availability and N-impacted soil communities on the performance of three invasive plant species of southern California and how plant responses to inoculation and N addition might change once plants have established and conditioned the soil, with a focus on soil fungi. This was completed in a two-phase factorial greenhouse experiment. In the first phase, we grew individuals of three invasive plant species in pots inoculated with soil from field plots subject to simulated N deposition, control field plots or sterile soil, and plants were grown with or without supplemental N addition. In the second phase, we grew the same species in soils conditioned in phase one, under the same conditions. We hypothesized that higher N availability would lead to increases in plant growth overall, but that responses would differ across plant species, due to species-specific responses to soil biota and N availability. We also hypothesized growth responses to live soil treatments would remain positive once plants had conditioned the soil, especially under high N availability and in soils previously impacted by N enrichment. An alternative hypothesis is that growth responses will be negative once plants have conditioned the soil, due to accumulation of soil pathogens.
Materials and methods

Study site
Soil to be used as whole-soil inoculum was collected from plots that are part of an experimental N addition gradient, located in the foothills of the Santa Monica Mountains, California (34.15°N, 118.96°W). The site receives approximately 8.8 kg N ha -1 yr -1 of background N deposition, most of which falls as dry deposition (Tonnesen et al. 2007 ). Typical of a Mediterranean climate, precipitation is seasonal, falling mostly during the cooler winter months, and summers are hot and dry. Average yearly rainfall for the site is 420 mm, but has been below average since 2012, with rainfall totals during the winter growing season, November to May, ranging from 33 to 44 % of 30-year normals. Vegetation at the site is mature CSS with Artemisia californica the dominant shrub species. Native and nonnative annuals and herbaceous perennials are present in shrub interspaces.
Study species
We selected three nonnative plant species for our study: Bromus diandrus Roth (Poaceae), Centaurea melitensis L. (Asteraceae) and Hirschfeldia incana L. (Brassicaceae). These species are native to the Mediterranean Basin and invasive in California. They are also three of the dominant nonnatives at our field site and represent a variety of plant functional groups. Bromus is an annual C 3 grass, Centaurea is an annual forb and Hirschfeldia is an annual to perennial forb. Seeds of each species were collected to be used in our growth experiment from invaded CSS adjacent to our experimental N addition plots during spring and summer 2013.
Soil inoculum
We collected soil from plots that receive supplemental N and unfertilized control as part of a multi-year N addition experiment. Fertilized plots have received 3 g N m -2 annually in the fall since 2011 to simulate the accumulation of dry N deposition during the summer dry period. This is equivalent to 30 kg N ha -1 yr -1 , which is the high range of modeled N deposition rates in the region (Fenn et al. 2010; Tonnesen et al. 2007) . In December 2013, we collected five 10 cm deep soil cores from around the drip-line of mature Artemisia shrubs within 10 replicate plots for each treatment. We collected soil inoculum from the drip-line of shrubs, as this area is likely to have actively growing roots, and therefore presumably higher levels of microbial activity compared to shrub interspaces or soils with older, suberized roots. Soil was transported back to the lab where it was sieved through a 1 cm 2 stainless steel mesh. Root fragments were cut into 1-2 cm fragments and mixed back into the inoculum. We homogenized soil from each of the two plot types (N fertilized and unfertilized controls) to produce two whole-soil inocula with soil microbial communities characteristic of native CSS soils and N-impacted CSS soils. We also included a sterilized control treatment consisting of inocula from both sites which was steam-sterilized in a process including a 24 h steam-sterilization, followed by a 48 h incubation period and a second 24 h sterilization period. Total extractable N of the fertilized and unfertilized soils was 58.6 lg N g -1 (SE ± 8.9) and 19.8 lg N g -1 (SE ± 1.4). Sterilization did not result in a significant increase in total extractable N in either fertilized (t test; t 6 = -0.003, P [ 0.05) or unfertilized inoculum (t test; t 6 = 0.001, P [ 0.05). To account for differences in available N in the two live inocula, when adding these we also included the same amount of sterilized inoculum from the other plot type, prepared as follows:
1. CSS Inoculum: 25 g live soil from unfertilized control plots and 25 g sterilized soil from N addition plots added to each pot. 2. N ? CSS Inoculum: 25 g live soil from N addition plots and 25 g sterilized soil from unfertilized control plots added to each pot. 3. Sterilized Control: 25 g steam sterilized soil from unfertilized control plots and 25 g sterilized soil from N addition plots added to each pot.
Growth experiments
We used a 1:1 mixture of field-collected soil from undisturbed CSS adjacent to experimental plots and silica sand for potting, to which live soil inocula was added. We mixed sand with field soil using an electric cement mixer and steam-sterilized it as described above. Sand was added to improve water drainage and infiltration and to facilitate the recovery of root biomass when plants were harvested. Total KCl extractable N of our soil was 15.0 lg N g -1
(SE ± 0.7). Each pot (650 ml Deepots; Steuwe and Sons, Corvallis, Oregon, USA) was filled with 500 g of soil mix, with inoculum mixed in about 10 cm from the soil surface. Growth experiments were conducted from November 2013 to February 2014 in a greenhouse at the University of California, Riverside. High and low daily greenhouse temperatures during this time were approximately 20 and 16°C.
Phase 1
In the first phase, we grew 20 replicates of each species (3) by inoculum (3) by N (2) treatment (total number of pots = 360). Seeds of each species were sown directly in pots and watered with distilled water until germination, about 5 days for all species. Once seedlings emerged, we thinned them to a density of one per pot. We then switched to watering as needed every 3-5 days with distilled water and initiated N treatments. Half of the pots in each soil inoculum treatment received two applications of supplemental N to simulate high soil N availability as a result of elevated N deposition early in the growing season. The first N treatment was applied after plants had established in each pot and the second 10 days later. Each time we applied approximately 20 lg N g -1 of soil from ammonium nitrate (NH 4 NO 3 ) in solution to the high N pots, for a total of 40 lg N g -1 . Low N pots received an equal amount of distilled water each time. Twice per week, we rotated pots within racks and randomly re-distributed pot racks on greenhouse benches to account for differences in microclimate. After 60 days of growth, we clipped plant shoots off at the soil surface from all pots. Ten replicates of each treatment were allocated for root and soil analyses and the other ten for Phase 2 of the experiment.
Phase 2
In the second part of the experiment, we examined the response of our study species to the soils conditioned in Phase 1. After plant shoots were harvested from Phase 1, the ten replicates of each treatment reserved for Phase 2 were allowed to air-dry on greenhouse benches for two weeks. Soils within pots were left intact, and thus contained the root systems of plants grown in Phase 1. Prior to planting, we added a CSS nutrient solution (Padgett and Allen 1999 ; Table 1 ), so nutrients other than N would not be limiting to plant growth. Mean total extractable N in pots at the end of Phase 1 ranged from 2.4 to 5.2 lg N g -1 and did not differ significantly among species or treatments (ANOVA; F 17,72 = 1.33, P = 0.2753). All pots also received approximately 10 lg N g -1 in solution from NH 4 NO 3 , which restored available N to levels comparable to the beginning of Phase 1. We then re-seeded conspecifics into pots and maintained the same watering and N fertilization regime as in Phase 1under identical greenhouse conditions. We again grew plants for 60 days before harvesting.
Harvests
At each harvest, we separated plants into roots and shoots. Roots were carefully removed from the soil and washed with distilled water. Roots and shoots were dried at 60°C and weighed. We estimated root biomass in the pots at the end of Phase 1 that were reserved for Phase 2 using regressions of root and shoot biomass of fully harvested plants. Dried leaf tissue from was ground and analyzed for percent C and N using a Thermo-Finnigan FlashEA 1112 Nitrogen and Carbon Analyzer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) at the University of California, Riverside, Environmental Science Research Laboratory.
Root colonization
After drying and weighing roots, we rehydrated them in distilled water and stained them with trypan blue (Koske and Gemma 1989) . For each plant, we mounted ten randomly selected fine root fragments on slides and assessed percent colonization of mycorrhizal and other non-mycorrhizal fungi in a procedure based on McGonigle et al. (1990) . For each fragment, we made ten observations and noted presence or absence of fungi within roots. We distinguished between coarse AM fungi, fine AM endophyte and other fungi based on staining, hyphal diameter and morphology and the presence or absence of septa. Percent colonization of all fungi was low (\2.5 %) in roots of plants grown in sterile soil at each harvest and these were not included in our statistical analyses of percent colonization.
Calculation of inoculum response
We calculated relative inoculum responses in order to better illustrate the response of our study species to the different live soil inoculum treatments and understand Using this calculation, a value greater than zero indicates a positive response to soil inoculation relative to sterile controls, while a value less than zero indicates a negative response.
Statistical analysis
Our experimental design included three species, Bromus, Centaurea, and Hirschfeldia, grown in each of the three soil inoculum treatments (CSS Inoculum, N ? CSS Inoculum and Sterile) and with or without supplemental N (High N and Low N) in a full factorial design. For each harvest, we analyzed data for the three species separately, performing two-way ANOVA with inoculum, N and the interaction between inoculum and N as factors. Relative inoculum responses for each harvest were also analyzed using two-way ANOVA, with species included as a factor along with inoculum type and N treatment. Prior to analysis, data were tested for the assumptions of ANOVA and transformed as necessary (log, arcsine, square root). Following ANOVA, we performed Tukey's honest significant difference test (HSD) to compare means and assign significance at P \ 0.05. We also ran regressions to compare biomass from Phase 1 with biomass in Phase 2. Analyses were performed using RStudio Version 0.98.57, RStudio, Inc.
Results
Phase 1
During Phase 1 of the experiment, growth of Bromus was significantly affected by inoculum treatment (P \ 0.0001) but not by N availability (P = 0.11) or the interaction of inoculum and N (P = 0.83; Table 2 ; Fig. 1a ). Plants grown in the CSS inoculum had the greatest aboveground biomass and were on average 21 % larger than those inoculated with N ? CSS soil inoculum and 49 % larger than plant grown in sterile soil (Fig. 1a) . Belowground biomass was significantly influenced by inoculum type (P \ 0.0001), with plants grown in CSS inoculum having higher mean root biomass (F 5,149 = 18.24, P \ 0.0001; Table 3 ). Percent N content of leaves was not significantly affected by inoculum or N individually (P [ 0.05), but was influenced by their interaction (P = 0.0067), with N addition leading to a significant increase in tissue N only in sterile soil (F 5,23 = 3.71, P = 0.0175; Fig. 2a ). We observed very low levels of root colonization by AM fungi (\2.2 %) and 5.2-10.6 % colonization by fine AM endophytic fungi, with no significant differences among treatments (Table 4) . Colonization by nonmycorrhizal fungi was significantly affected by inoculum type, with plants grown in N ? CSS inoculum on average 45 % more colonized (Table 4) .
Shoot biomass of Centaurea was significantly affected by both inoculum type (P \ 0.0001) and N treatment (P = 0.0088; Table 2 ). Relative to plants grown in sterile soil, shoot biomass was on average 84 % higher in N ? CSS inoculated plants and 79 % higher in CSS inoculum, indicating a positive growth response in both live soil inoculation treatments (Figs. 1b, 3a) , with more positive responses observed under low N availability. Belowground biomass was significantly affected by inoculum type (P \ 0.0001) and N treatment (P = 0.0012), but not the interaction (P = 0.1662), and followed a similar trend as aboveground biomass (F 5,149 = 34.56, P \ 0.0001; Table 3 ). Percent N of leaf tissue was generally higher in N fertilized plants, but this difference was only significant in the CSS inoculum treatment (F 5,23 = 5.70, P = 0.0025; Fig. 2b) . Centaurea had the highest levels of colonization by AM fungi of the three species, but there were no significant differences among treatments within Centaurea (Table 4) . Colonization by fine AM endophyte was significantly higher in plants inoculated with N ? CSS soil, with the highest percent colonization occurring in plants also receiving supplemental N (Table 4) .
Both inoculum (P = 0.0003) and N (P = 0.0156) significantly influenced growth of Hirschfeldia (Table 2 ; Fig. 1c) . The highest shoot biomass was observed in plants inoculated with CSS soil and grown under high N (Fig. 1c) , which were on average 46 % larger than those grown in sterile soil. There were no other significant differences in shoot growth among treatments (Fig. 1c ). There were also no significant differences in belowground biomass across treatments (F 5,133 = 2.14, P = 0.0646; Table 3 ). Percent N of leaves was significantly affected by the interaction of inoculum type and N (P = 0.0174), with the highest N content found in plants grown in sterile soil with supplemental N (F 5,23 = 3.08, P = 0.0349; Fig. 2c ). Hirschfeldia had very low levels (\0.6 %) of AM and fine endophytic fungi. There was a significant inoculum by N effect on the percent colonization of nonmycorrhizal fungi, with low N plants grown in CSS soil having the highest colonization (Table 4) .
Across all species and treatments in Phase 1, relative inoculum responses were significantly (F 11,239 = 85.98, P \ 0.0001) affected by species identity (P \ 0.0001), N (P = 0.0005) and the interaction of species and inoculum (P \ 0.0001), species and N (P \ 0.0001) and species, inoculum and N (P = 0.0459). Bromus exhibited a positive growth response to N ? CSS inoculum only when N fertilized, but had a positive response to the native CSS inoculum regardless of N availability (Fig. 3a) . Centaurea plants had a positive growth Phase 2
In the second phase of the experiment, inoculum (P = 0.0081), N (P \ 0.0001) and the interaction of these two factors (P \ 0.0001) had significant effects on growth of Bromus (Table 2 ; Fig. 1d ). The highest shoot biomass was observed in the two live inoculum treatments under high N, where biomass was 65 and 69 % higher in plants receiving supplemental N in the CSS and N ? CSS inoculated plants respectively (Fig. 1d) . Plants receiving supplemental N had higher percent N content in leaf tissue in the N ? CSS inoculum, but not in any other soil treatment (F 5,23 = 3.77, P = 0.0164; Fig. 2d ). In this phase, plants grown in the N ? CSS soil under high N availability had significantly higher colonization of fine endophyte compared to low N plants (Table 4 ). Plants Nitrogen enrichment contributes to positive responses 2357 grown in CSS soil without added N had the highest colonization of nonmycorrhizal fungi (Table 4) . Centaurea shoot biomass was again significantly affected by both inoculum (P \ 0.0001) and N (P \ 0.0001; Table 2 ; Fig. 1e ). Effects of the two live inocula on shoot biomass were similar in both treatments, with N fertilized plants 50-55 % higher than low N plants in the CSS and N ? CSS treatments respectively. Plants grown in sterile soil were again significantly smaller than those inoculated with live soil (Fig. 1e) . Percent leaf N was highest in plants inoculated with N ? CSS soil under high N availability (F 5,23 = 4.57, P = 0.0073; Fig. 2e ). Plants receiving supplemental N generally had lower colonization of AM fungi, but higher colonization by fine endophyte. In plants grown in CSS inoculum, colonization by nonmycorrhizal fungi was significantly reduced by N addition (Table 4) .
In this phase, shoot biomass of Hirschfeldia was not significantly affected by inoculum type (P = 0.0599), but was influenced by N (P \ 0.0001) and the interaction of inoculum and N (P \ 0.0001; Table 2 ; Fig. 1f ). In the two live inocula, N fertilized plants were on average 68 % larger than low N plants (Fig. 1f) , but N had no significant effect on plants grown in sterile soil (Fig. 1f ). There were no significant differences in percent leaf N across treatments (F 5,23 = 0.83, P = 0.5479; Fig. 2f) , and there were no effects of inoculum or N on percent colonization of roots by soil fungi (Table 4) .
Across all species and treatments in Phase 2, relative inoculum responses were significantly (F 11,107 = 22.53, P \ 0.0001) affected by species identity (P \ 0.0001), N (P \ 0.0001) and the interaction of species and N (P = 0.0003). In this phase, Bromus exhibited a positive growth response in both live inoculum treatments when N fertilized, but a negative response when N availability was low (Fig. 3b) . Centaurea plants again showed the most positive inoculum response, regardless of inoculum type, but this effect was minimized in plants receiving supplemental N (Fig. 3b) . In the CSS soil inoculum, Hirschfeldia plants exhibited a negative growth response when N availability was low, but a neutral response under high N, while in the N ? CSS soil inoculum, plants showed a positive inoculum response under high N availability and no response when N was low (Fig. 3b) .
Finally, we explored potential relationships between plant performance in each phase using regression. For each species, biomass in Phase 2 was not significantly correlated with biomass, percent colonization of roots or extractable N of soils from Phase 1 (P [ 0.05 for all correlations). We also did not find any significant correlations between plant biomass and percent colonization of mycorrhizal or nonmycorrhizal fungi in either phase of the experiment (P [ 0.05).
Discussion
The success of invasive plants is often enhanced by soil N addition (Brooks 2003; Cox et al. 2014; Davis et al. 2000; Huenneke et al. 1990; Weiss 1999) and positive responses to soil biota (Klironomos 2002; Pringle et al. 2009; Reinhart and Callaway 2006; Van der Putten et al. 2007 ). Here we show that these two factors may increase growth of three nonnative invaders in California, which could potentially influence plant-soil feedbacks between native and invasive species under chronic N deposition. Initially in Phase 1, all species exhibited neutral to positive responses to native soil communities. Contrary to our hypotheses, in the first phase of the experiment N addition was less important than soil community in determining plant growth, and only one of our species, Centaurea, performed better in native soil communities previously impacted by simulated N deposition. However, once species had conditioned soils, all exhibited positive growth responses in N-impacted soil communities under high N conditions. While positive responses to soil biota in invasive plants are often predicted (Klironomos 2002; Pringle et al. 2009; Reinhart and Callaway 2006) , we found that when soil N was limiting, two species, Bromus and Hirschfeldia experienced neutral to negative inoculum responses. This work highlights the importance of soil N in determining plant responses to soil microbial communities and has important implications for plant invasion under anthropogenic N deposition. Previous work has shown that the response of invasive species to N addition can be strongly influenced by the soil microbial community (Bozzolo and Lipson 2013; Sigüenza et al. 2006a; Yoshida and Allen 2001) , and invasives may benefit from changes in the soil fungal community resulting from N deposition (Sigüenza et al. 2006a) . However, plant responses may change once plants have conditioned soil communities, and this is the first study of which we are aware to utilize a two-phase approach to explore the effects of N enrichment on the response of invasive plant species to soil microbial communities. There is limited evidence that N-induced changes to plant-soil feedbacks may alter plant community structure (Manning et al. 2008) , and the positive inoculum responses we observed under N enrichment may contribute to the success of these species in the field. In southern California, N deposition appears to facilitate the invasion of native CSS shrublands by nonnative grasses and forbs (Allen et al. 1996; Cox et al. 2014; Kimball et al. 2014) , including the species investigated here, but the underlying mechanisms are not fully understood. This study provides evidence that N enrichment may enhance the growth of invasive plant species due to both elevated soil N availability and through plant-mediated changes to soil microbial communities.
Our results illustrate how the interacting dynamics of N deposition and plant responses to soil microbial communities might operate through multiple stages of the invasion process (Theoharides and Dukes 2007) . The first phase of the experiment assessed the response of plants to soil communities of native CSS soils and native soils impacted by simulated N deposition. All species exhibited neutral to positive inoculum responses, showing soil communities of native CSS vegetation may not provide any ''biotic resistance'' against arriving invaders (Levine et al. 2004 ). However, the direction and magnitude of responses changed once plants had conditioned soils. Results from the second phase of the experiment show that once plants have established they may influence the subsequent performance of conspecifics through changes to the soil community, and N enrichment has the potential to alter these relationships. The negative inoculum responses observed in Phase 2 in the absence of N enrichment are particularly revealing. This shows that while invading species may initially respond positively to soil communities of a novel environment, as is often predicted (Klironomos 2002; Reinhart and Callaway 2006) , they may limit the success of subsequent generations through feedbacks with soil biota. When N availability is high, however, these negative effects appear to weaken, indicating that in addition to enhancing soil N availability, N deposition may promote the success of invasives through changes to soil communities.
There are several strong lines of evidence that suggest observed inoculum responses are due to effects of soil biota on plant performance. First, while many studies take a ''black box'' approach to plantsoil interaction experiments (Ehrenfeld et al. 2005 ; van der Putten 2010), we found clear differences in mycorrhizal and nonmycorrhizal fungal colonization of plant roots that may partially explain growth responses to live soil inocula. Second, while plant biomass differed among treatments in the initial conditioning phase, the possibility that responses in Phase 2 are due to nutrient depletion can be excluded, as we found no negative correlations between biomass in Phase 2 with biomass in Phase 1 (Kardol et al. 2006; Pernilla Brinkman et al. 2010) . Furthermore, nutrients (minus N) were added to simulate extractable levels of CSS soils (Padgett and Allen 1999) . It also appears unlikely that N accumulation in pots contributed to the greater N responses in Phase 2, as mean soil extractable N at the end of Phase 1 (beginning of Phase 2) was low and did not differ significantly among treatments. In addition to the effects of mycorrhizal and nonmycorrhizal fungi on inoculum responses, competition with soil microbes for soil N may have also played an important role (Kaye and Hart 1997) . For example, in Phase 2, after two phases of N treatments, soil microbes may have been less N-limited, allowing greater for uptake by plants, resulting in great growth responses with N addition. It is interesting to note, however, that while growth responses were overall greater in high N inoculum in Phase 2, foliar N content was generally lower in all treatments. Finally, all species responded similarly to sterilized controls in both phases of the experiment, strongly suggesting that changes to inoculum responses were due to biotic factors, or interactions between soil biota and N availability.
Ecologists have long sought to identify generalizable mechanisms of plant invasion (Elton 2000; Levine et al. 2003) , and the difficulty in doing so is likely due in part to species-specific variability in responses to biotic and abiotic factors. Species differ in effects on soil microbial communities and responses to soil biota, forming the basis of microbially mediated plant-soil feedbacks (Bever et al. 1997; Ehrenfeld et al. 2005) . While feedbacks with soil biota may contribute to plant invasion (Klironomos 2002; van der Putten 2010) , as is often predicted, the response of invasive species to soil microbial communities will depend on the identity of both plants and soil microbes (Klironomos 2003) , as well as the biotic and abiotic context (Hoeksema et al. 2010) , including nutrient availability (Johnson et al. 1997) . Species exhibit various nutritional strategies and responses to soil nutrient availability (Chapin 1980) , and these factors have the potential to interact (Bozzolo and Lipson 2013; Gustafson and Casper 2004; Innes et al. 2004; Sigüenza et al. 2006a ). For example, Gustafson and Casper (2004) found that N addition negated negative feedback in one grass species, but had variable effects on another. In another experiment using Centaurea and a grass and mustard species closely related to the ones used here, Brassica nigra and Bromus rubens, Bozzolo and Lipson (2013) found Brassica and Bromus grew equally well in live and sterile soil, while Centaurea grew best in sterile soil. Further, only Bromus and Centaurea were responsive to N addition (Bozzolo and Lipson 2013) . This stands in contrast to our results, where we observed positive inoculum responses in all species, especially under N addition. However this previous study only used soil collected from a low N deposition site, and did not include a soil conditioning phase (Bozzolo and Lipson 2013) . While N enrichment appears to contribute to positive responses to soil biota in all three species studied here, species differed in their relationships with soil fungi. For example Bromus associated mostly with fine AM fungi, Centaurea formed mycorrhizae with both coarse and fine AM fungi and Hirschfeldia was found to be nonmycorrhizal. Such differences in microbial associations may be responsible for the variable growth responses observed among plant species.
The response of Bromus to live inoculum treatments appears to have been mediated by both mycorrhizal and nonmycorrhizal fungi. Initially, plants responded less positively to the N-impacted soil community relative to the unfertilized CSS soil community, and these plants also had significantly higher colonization of potentially pathogenic fungi. Then in Phase 2, plants exhibited a positive inoculum response in N-impacted soils under high N and had higher colonization of fine AM fungi and lower colonization of nonmycorrhizal fungi. Plants grown in CSS soils under low N availability showed a negative inoculum response and higher colonization of fungal pathogens. Hilbig and Allen (2015) also found that fine AM fungi contribute to positive inoculum responses in this species in soils from a high N deposition site, and this may counteract potential negative impacts of fungal pathogens. Others have reported higher mycorrhizal colonization of Bromus in N rich soils (Parker and D'antonio 2008) , and this may be partially responsible for increased invasion of this species under N deposition (Going et al. 2009 ). Typically a reduction in mycorrhizal colonization is expected with N fertilization, as plants are able to directly take up sufficient N without the added carbon cost of mycorrhizal association (Smith and Read 2010) . However, chronic N addition, may select for more aggressive AMF fungi that maintain high rates of colonization even when soil N availability is high (Corkidi et al. 2002; Johnson et al. 1997) . While natives in this system may be negatively impacted by these AM fungal strains (Sigüenza et al. 2006a) , invasives, such as Bromus may benefit, as demonstrated here. Previous accounts regarding the response of this species to soil microbial inoculation is mixed, with some reporting little or no response to microbial inoculation (Vogelsang 2004 ) and others reporting a positive growth response relative to growth in sterile soil (Bennett and Strauss 2013; Hilbig and Allen 2015) . Our results suggest that one possible cause of this variability in responses is differences in soil N availability or historical N inputs, with N-impacted soil communities promoting more positive plant growth responses. Plant soil feedbacks involving native species and invasive annual grasses could promote invasion of this ecosystem if invasive respond positively to soil communities. For example, Sigüenza et al. (2006a) found native species respond negatively to N-impacted soil communities, while an invasive grass, B. madritensis (L.), responded positively.
Previous studies have found C. melitensis to be highly mycorrhizal (Callaway et al. 2001 (Callaway et al. , 2003 . However, these two studies reported negative responses to colonization by AM fungi when plants were grown individually; responses were only positive when plants were grown in competition (Callaway et al. 2001 (Callaway et al. , 2003 . Bozzolo and Lipson (2013) found a different result, where plants performed best in sterile soil relative to those grown in live soil. Our results stand in contrast to this work and clearly demonstrate that this species can exhibit positive inoculum responses when grown individually, and these positive responses are likely due to colonization by mycorrhizal fungi. Initially, Centaurea was highly colonized by coarse AM fungi, however after soil conditioning, there was a shift to higher colonization of fine AM fungi, particularly when N availability was high. This shows that while this species may associate with species of AM fungi that predominate in native CSS soils (Egerton-Warburton and Allen 2000; Sigüenza et al. 2006a, b) , it may select for species of fine AM fungi, especially under high N conditions. It is also possible that this species is a better competitor for N than soil microbes, and this could have been partially responsible for the observed increase in growth and foliar N in Centaurea plants receiving supplemental N. Regardless of differences among treatment, we observed a highly positive response to live soil inoculation across treatments and in both phases of the experiment. This clearly demonstrates that performance of this species may be enhanced by soil biota, which could generate positive feedbacks with fine AM fungi under some conditions.
One of the more surprising results of this study was the positive inoculum response observed in Hirschfeldia in high N treatments. Like many annual species in the Brassicaceae, Hirschfeldia does not form mycorrhizae (Gerdemann 1968; Oliveira et al. 2005) , and our methods are unable to explain these positive inoculum responses. There are other accounts of this species responding positively to soil biota; Bonanomi et al. (2008) found that removal of the soil microbial community through soil solarization and chemical fumigation inhibited the growth of Hirschfeldia seedlings relative to untreated control plots in the field, but it is unknown what soil microorganisms were involved. The positive growth responses we observed only occurred in plants receiving supplemental N, and it is conceivable that growth promoting bacteria or other soil biota involved in nutrient cycling may have facilitated these growth responses. For example, rhizobacterium associating with a related species, Brassica napus, have been found to enhance N uptake and promote higher biomass (Bertrand et al. 2000) . Hirschfeldia has been shown to be highly responsive to simulated N deposition in the field (Allen et al. 1996) , and is a frequently observed nonnative in high N-polluted sites in southern California (Cione et al. 2002; Wood et al. 2006 ). While we are unable to explain the positive growth response of Hirschfeldia plants grown in N-impacted soil communities with the methods employed for this study, this could contribute to the success of this species under elevated N deposition.
While the positive inoculum responses we observed in these species could influence plant-soil feedbacks in the field, favoring invasion, a true test of plant-soil feedback requires pair-wise comparisons with native species, or at the very least, responses of species to soils conditioned by heterospecifics (Bever et al. 1997; Kulmatiski et al. 2008) . Our experiment did not close this feedback loop, as we did not include native species in our design. There are also further limitations inherent to our experimental approach. We homogenized our field-collected inocula within treatments prior to addition to pots in Phase 1, which could confound results due to non-independence amongst replicates. While we focused on fungi colonizing plant roots, it is likely other soil organisms played an important role. For example, competition between soil microbes and plants for N played a role in generating observed inoculum responses (Kaye and Hart 1997; Schimel et al. 1989) , and this could explain the greater growth responses in high N treatments in Phase 2, if competition for N from microbes was less intense. However, we did not measure microbial N of soils and could not test this directly. Our approach also did not incorporate other factors that could influence plantsoil interactions, such as competition between plants or litter inputs, and further research is needed to determine the importance of these processes in the field.
Conclusions
Global change factors such as N deposition may increase the success of biological invasions (Dukes and Mooney 1999) , but effects of N enrichment on plant performance is often mediated by soil biota. The results of this study clearly demonstrate N enrichment can alter interactions between three invasive plant species and soil microbial communities. These relationships have important implications for community invasibility and invasion success under N deposition. Invasive plants benefitting from increased soil N availability and positive feedbacks with soil biota may be more difficult to control or spread more quickly. With rates of anthropogenic N deposition expected to continue to rise globally in the near future (Galloway et al. 2004; Vitousek et al. 1997a ), a better understanding of how N enrichment influences both aboveground and belowground aspects of plant invasions is needed.
